Abstract. Diabetes mellitus is one of the primary diseases that pose a threat to human health. The focus of the present study is type II diabetes (T2D), which is caused by obesity and is the most prevalent type of diabetes. However, genome-scale transcriptional analysis of diabetic liver in the development process of T2D is yet to be further elucidated. Microassays were performed on liver tissue samples from three-, six-and nine-week-old db/db mice with diabetes and db/m mice to investigate differentially expressed mRNA. Based on the results of genome-scale transcriptional analysis, five genes were screened in the present study: chromobox 8 (CBX8), de-etiolated homolog 1 and damage specific DNA binding protein 1 associated 1 (DDA1), Phosphoinositide-3-kinase regulatory subunit 6 (PIK3R6), WD repeat domain 41 (WDR41) and Glycine Amidinotransferase (GATM). At three weeks of age, no significant differences in levels or ratios of expression were observed. However, at six and nine weeks, expression of CBX8, DDA1, PIK3R6 and WDR41 was significantly upregulated (P<0.05) in the db/db model group compared with the control group, whereas GATM expression was significantly downregulated (P<0.05). These results suggest that T2D-related differential expression of genes becomes more marked with age, which was confirmed via reverse transcription-quantitative polymerase chain reaction. Genome-scale transcriptional analysis in diabetic mice provided a novel insight into the molecular. events associated with the role of mRNAs in T2D development, with specific emphasis upon CBX8, DDA1, PIK3R6, GATM and WDR41. The results of the present study may provide rationale for the investigation of the target genes of these mRNAs in future studies.
Introduction
Modern lifestyle changes, such as an increased prevalence of high-calorie diets and low levels of physical activity have lead to obesity becoming a global pandemic (1) . Obesity may lead to insulin resistance (IR), which in turn may lead to diabetes (2) . Type II diabetes (T2D), which is caused by chronic IR and loss of functional islet β-cells is now one of the most prevalent types of diabetes (3, 4) . In humans and animal models, obesity has been shown to be a major causative factor in the development of IR (2) , which is typically associated with dysfunctional metabolism and leads to increased intracellular fat content in liver (5) . The liver serves a key role in energy metabolism, as does IR. Therefore, analyzing the changes in gene expression profiles of the liver may elucidate the process by which T2D develops.
However, the underlying molecular mechanisms remain to be determined (6) . The identification of a suitable model animal is critical for the study of T2D (6) . The db/db mouse is one of the best animal models for the study of human T2D as some of its phenotypes, including polyuria, hyperglycemia and glucosuria, are similar to those observed in human patients with T2D. Db/db mice were discovered by Hummel et al in the inbred line of C57BLKS/J (BKS) in 1966, which is caused by mutations in the gene of leptin receptor (Lepr) gene located in mouse chromosome 4 (7) . In db/db mice this typically presents as a hypothalamic defect; wherein satiety is not produced due to a lack of the satiety substance (leptin), lack of reaction to anabolic greater than catabolism, and gradually develop severe T2D accompanied by hyperglycemia due to the accumulation of fat (8) Mice and humans with T2D exhibit similar clinical symptoms, such as polydipsia, polyphagia, urorrhagia, obesity, hyperglycemia, hyperglycemia, IR and lipid metabolism abnormality (9) . Using the db/db mice model, it may be possible to investigate the underlying molecular mechanisms and elucidate the complex intrinsic metabolic processes associated with T2D.
It is widely accepted that if only a single gene is mutated, the incidence of T2D is low (10 expression reaches a certain level as a result of this, the body may never recover to the normal state (11) . DNA microarray technology allows for simple and precise detection of significant changes in gene expression (11) ; however, searching large quantities of data to identify small changes in the association between biological molecules and disease is challenging. To overcome this problem in the present study, a comprehensive analysis of differences in mRNA expression in the db/db mice liver tissue was performed by integrating genome-scale microarray gene expression analysis with bioinformatics analysis. Several novel potential biomarkers associated with T2D were also investigated, with a view to facilitating the future development of a more in-depth study of the pathogenesis of T2D. A total of 15 male db/m mice were divided into three groups: Three-, six-and nine-week-old control models (n=5 each). Similarly, a total of 15 male db/db mice were also divided into three groups: Three-, six-and nine-week-old model groups (n=5 each). All mice were weighed and sacrificed via inhaled 99% ether (Tianjin Tianhe Chemical Co., Ltd., Tianjin China). Blood serum and livers were harvested snap frozen in liquid nitrogen and stored at -80˚C for further analysis.
Materials and methods

Ethics
RNA isolation and microarray profiling. Liver tissues were thawed and homogenized on ice in TRIzol (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and total RNA was extracted using the TRIzol kit (cat. no. 15596-026; Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. Concentration and purity of RNA were determined using the ASP-3700 spectrophotometer (ACT Gene, Inc., Piscataway, NJ, USA).
Whole-genome expression profiling was performed using Agilent mouse 4x44 K microarrays (Kang Chen Bio-Tech, Inc., Shanghai, China). Briefly, RNA samples were amplified and labeled with the Agilent One-Color RNA Spike-In Kit (cat. no. 5188-5282; Agilent Technologies, Inc., Santa Clara, CA, USA), and cRNA was hybridized to the arrays in the Agilent Hybridization Chamber (Agilent Technologies, Inc.). Hybridization and washing were performed with the Gene Expression Wash Buffer kit (cat. no. 5188-5327; Agilent Technologies, Inc.), and arrays were scanned with the GenePix 4000B microarray scanner (Molecular Devices LLC, Sunnyvale, CA, USA). Image analysis for grid alignment and the expression data was performed with Nimble Scan software (version 2.5; Roche NimbleGen, Inc., Madison, WI, USA). Volcano plots (GeneSpring Software, version 7.2; Aligent Technologies, Inc.) were used to analyze the raw data files.
Assessment of IR in the development of T2D.
Fasting blood-glucose (FBG) was assayed using a blood glucose meter (Roche Diagnostics, Basel, Switzerland). Fasting insulin (FINS) was assayed using a commercially available Quantikine ELISA kit (cat. no. QC107; R&D Systems, Inc., Minneapolis, MN, USA). The fasting insulin sensitivity index (FISI) was calculated using the following formula:
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
RT-qPCR was performed to verify gene expression microarray data. cDNA was synthesized via reverse transcription of total liver RNA using the AccuPower Rocket Script RT Premix (Bioneer Corporation, Daejeon, Korea), according to the manufacturer's protocol. Primers used for amplification are presented in Table I . Data were normalized against the expression levels of the housekeeping gene β-actin, and relative expression values were calculated using the 2 -∆∆Cq method. PCR products were analyzed by agarose gel electrophoresis to ensure specificity.
Statistical analysis. Statistical data was expressed as the mean ± standard error of the mean. Statistical significance of the differences between model groups and age-matched control Table I . Primers used in reverse transcription-quantitative polymerase chain reaction.
Gene
Forward primer sequence Reverse primer sequence
CBX8, chromobox 8; DDA1, de-etiolated homolog 1 and damage specific DNA binding protein 1 associated 1; PIK3R6, phosphoinositide-3-kinase regulatory subunit 6; WDR41, WD repeat domain 41; GATM, glycine amidinotransferase.
groups was analyzed using a Student's t-test and model groups at different time points were analyzed by one-way analysis of variance with Tukey's multiple comparison post hoc tests. Data were analyzed by SPSS 2.0 statistical software (IBM Corp., Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Physiological parameters of mice with T2D of different ages. FINS, FBG and FISI were measured in db/db mice and controls at three, six and nine weeks old to ensure that they had developed T2D. Although FBG and weight were similar in three-week-old db/db mice and controls they were significantly increased at six (FBG, P<0.05; weight, P<0.001) and nine weeks (both P<0.001; Fig. 1A and B) , and there was a significant reduction in FISI in db/db mice compared with their respective controls at three, six and nine weeks old (P<0.001; Fig. 1C ). FINS in the db/db mice group was significantly greater than in the control group at three, six and nine weeks old (P<0.001; Fig. 1D ). These physiological parameters indicated that db/db mice had begun to develop T2D at three, six and nine weeks old.
Microarray analysis of global gene expression changes in liver tissues from mice at different ages.
One of the aims of the present study was to identify patterns of gene expression that may be associated with the development of T2D. Insight into the molecular changes may ultimately guide clinical treatment of patients prior to the establishment of advanced T2D. Genes that were significantly differentially expressed in mice of different ages are shown in Table II . Global gene expression profiling was performed on RNA prepared from the liver tissue harvested from five db/db model mice and five Results were selected according to the raw data data of the global genome microarray data of mice at each age as shown in Fig. 2A -C.
Validation of microarray data for five differentially expressed mRNA in liver tissues by RT-qPCR.
To validate the results of microarray gene expression profiling, five mRNAs with different expression patterns in the development of T2D, as identified by microarray analysis, were selected for expression verification by RT-qPCR. All expression levels were consistent with microarray predictions. mRNA expression levels of chromobox 8 (CBX8), de-etiolated homolog 1 and damage specific DNA binding protein 1 associated 1 (DDA1), Phosphoinositide-3-kinase regulatory subunit 6 (PIK3R6) and WD repeat domain 41 (WDR41) by RT-qPCR increased significantly (P<0.05) and Glycine Amidinotransferase (GATM) decreased significantly (P<0.05) in db/db mice compared with controls ( Fig. 3A-E) . The upregulation and downregulation of these key genes in db/db mice was markedly greater with increased age of mice ( Fig. 4A-C) .
Discussion
T2D is the most prevalent metabolic disease affecting various physiological functions and leading to diverse health complications (12) . Although the base causes of T2D appear simple, global molecular changes must occur in response to the inability to regulate glucose. Notably, db/db mice, which are deficient in the leptin receptor and thus leptin signaling, eventually develop hyperphagia and obesity regardless of strain background (13) , which induces T2D. Such mice develop insulin resistance at an early age, as well as high FBG levels, insulin levels and FISI (14, 15) . The results of the present study demonstrate that there were significant differences in FISI, FINS, FBG and weight between the control and model groups for mice at six and nine weeks old, with differences becoming more marked with age. This demonstrates that the clinical symptoms of T2D in model rats become more apparent with age, which provides rationale for the use of db/db mice as a reliable model for T2D.
In the present study, a number of differentially expressed mRNAs in liver tissue were detected in db/db mice compared with normal controls. Differential gene data from mice at three, six and nine weeks old demonstrated that there were hundreds of differentially expressed genes. The five genes that were most differentially expressed were identified and screened. RT-qPCR was subsequently performed and analyzed to verify the differential expression of the five mRNAs from the microarray results. Differential expression of CBX8, DDA1, PIK3R6, GATM and WDR41 in liver tissues was confirmed, which may contribute to the occurrence and development of T2D. The present study may provide useful information pertaining to the association between mRNAs and T2D development and provide rationale for further study.
To elucidate the molecular mechanisms responsible for T2D development, different ages of db/db mice, which is a frequently used and reliable animal model, were used to identify the differentially expressed mRNAs in model and normal control liver tissues and to predict the target genes that these mRNAs regulate. This analysis demonstrated that the differentially expressed mRNAs were responsible for regulating cell proliferation, cell apoptosis and the genes responsible for hormone stimulus (16) . This indicates that differential expression of these mRNAs may induce changes in liver tissue and lead to T2D development. The key genes associated with these processes include CBX8, DDA1, PIK3R6, GATM and WDR41; however, further studies are required to confirm their functions with T2D.
CBX8, part of the polycomb group repressive complex 1, belongs to the CBX protein family, which is homologous to the Drosophila polycomb protein (17) and regulates the proliferation of diploid human and mouse fibroblasts through direct binding to the INK4A-ARF locus (18) . Furthermore, a previous study demonstrated that the ectopic expression of CBX8 leads to cellular immortalization (19) . The activation of auxin response factor and mouse double limit 2 homolog (MDM2) and subsequent protein binding weakens the E3 ubiquitin ligase function, inhibiting p53 protein degradation (20) (21) (22) (23) . Additionally, a recent study demonstrated that human abdominal adipose tissue from obese subjects and adipose tissue of mice fed a high-fat diet exhibited a reduced expression of the E3 ubiquitin ligase and exhibited IR (24) . DDA1 is a DDB1-binding protein that links to a negative regulator of E3 ubiquitin ligase (25) . Retinoblastoma and p53 proteins cross link to protect cells against abnormal proliferation signals (26) (27) (28) (29) . The protein kinase B (Akt) pathway is considered to increase cell survival as the interaction of Akt with the phosphorylation of MDM2 in the PI3K-AKT pathway is associated with the survival, proliferation, growth and death of cells (30) . It is well known that the PI3K-AKT signaling pathway is associated with the development of T2D (31) . RT-qPCR analysis demonstrated an upregulation in mRNA in model liver tissues compared with normal liver tissues. This suggests that CBX8 and DDA1 are associated with the development of T2D.
PIK3R6 is a phosphoinositide 3-kinase (PI3K)γ subunit (32) . PI3Ks are classified as class I, II or III based on substrate binding and sequence homology. Class I PI3Ks are subdivided into α, β, γ and δ. PI3K signaling is well known for its association with various functions, including vesicle trafficking, cell metabolism, cell growth and cell survival (33) . It has previously been demonstrated that PI3Kγ serves an essential role in the formation of sarcomas induced by a viral G-protein-coupled-receptor encoded by Kaposi's sarcoma herpes virus (34) . PI3Kγ also serves important roles in the heart (35) . These studies have demonstrated that PI3K may be used as a target for the treatment of certain inflammatory and cardiac disorders (36) . PIK3R6 is able to regulate the activity of PI3K, and further regulate the signal transduction of the PI3K-AKT signaling pathway (37) . Phosphorylation of PI3K-AKT has been shown to improve glucose uptake and promote glucose transporter type 4 translocation from the cytoplasm to the plasma membrane, which may stimulate cellular uptake of glucose (38) . Furthermore, unpublished data by the present authors demonstrated that the expression of PIK3R6 was upregulated, which may disturb the conduction of the PI3K-AKT signaling pathway and indirectly lead to the development of T2D.
GATM is an enzyme required in the rate-limiting step in the regulation of creatine biosynthesis (39) . In the present study, activation of the compensatory mechanisms to increase serine, glycine and the levels of creatine may be induced by the differential expression of phosphoserine phosphatase, GATM and GLDC in the skeletal muscle of individuals with diabetes (40) . Additionally, a recent study demonstrated that reduced GATM expression may diminish the capacity for phosphocreatine storage, and modify cellular energy storage and adenosine monophosphate-activated protein kinase (AMPK) signaling pathway conduction (41) . The PI3K-AKT and AMPK pathways may be potential targets for the regulation of glucose metabolism associated with IR in patients with T2D and obesity (42) . Glucose metabolism occurs primarily in the liver (43) . In the present study, it was demonstrated that expression of GATM was downregulated in model liver tissues compared with normal liver tissues. This downregulation may affect the AMPK pathway in the liver, inducing glucose metabolism disorders, which may further affect the development of T2D.
WDR41 contains a WD40 domain consisting of six WD40 repeats. WD40 domains are associated with various cellular functions, including signal transduction, vesicular trafficking, cell cycle control, cell apoptosis, chromatin dynamics and DNA damage response (44) (45) (46) . These functions are prominent features in proteins that mediate diverse protein-protein interactions and coordinate downstream events, including ubiquitination and histone methylation (45, 46) . Histone methylation is a reversible process catalyzed by specific and general histone methyltransferases and demethylases, which in turn rely on metabolic coenzymes and respond to changes in energy supply and metabolic status (47) . The results of the present study demonstrated that the genome-wide changes in T2D were directly associated with the specific histone modifications in the process of histone methylation (48) . The WDR41 gene was upregulated in db/db mice at three, six and nine weeks of age, suggesting that WDR41 is associated with histone methylation and serves a function in the development of T2D.
Gene profiling data from the present study may illustrate the contributions of differentially expressed mRNAs to the underlying mechanisms of T2D in the mouse model; however, compared with human models, there are distinct physiological differences. In conclusion, the present study documents the potential molecular mechanisms associated with T2D in model mice. Novel genes associated with T2D have been identified, and future studies should investigate two aspects; to validate expression and functions of these key mRNAs in T2D human and mice, and to investigate how the knockout or knockin effect of these key mRNA expression levels may affect T2D development.
